Abstract Maternal hypertension is common during pregnancy, and multiple studies have reported on an association between maternal hypertension and congenital heart defects (CHDs) in offspring; however, there is variability in the quality of these studies. A systematic review and meta-analysis was conducted on the associations between untreated and treated maternal hypertension and the risk of CHDs, evaluating CHDs overall as well as specific CHD subtypes. A systematic search of peer-reviewed articles published before August 2013 identified 16 studies evaluating the associations between untreated and treated maternal hypertension and CHDs. Summary relative risk (RR) estimates were calculated using fixed-effects models and random-effects models. Significant associations were observed between maternal hypertension and overall CHDs, for both treated [RR 2.0; 95 % confidence interval (CI) 1.5, 2.7] and untreated (RR 1.4; 95 % CI 1.2, 1.7) hypertension, as well as for overall hypertension regardless of treatment status (RR 1.8; 95 % CI 1.5, 2.2). The magnitude of effect was similar for the majority of CHD subtypes evaluated. The effects were also similar among women with hypertension who used one of multiple specific hypertension medications. There was no evidence of publication bias, and our results were robust to several factors considered in sensitivity analyses (e.g., source of exposure data, adjustment for potential confounders, and study design). Maternal hypertension was associated with CHDs. By understanding the specific mechanisms involved, appropriate strategies may be developed to reduce this risk, in order to prevent CHDs.
Introduction
Congenital heart defects (CHDs) are among the most common birth defects and are present in about 6-12 per 1000 live births [6, 19, 21] . CHDs are also the most common cause of mortality among all infant deaths related to birth defects [40] . Many of the affected individuals who survive will experience lifelong morbidity and/or will require serious medical treatments.
Despite their high prevalence and clinical significance, the etiology of CHDs remains unknown for most affected individuals [7, 20] . Several maternal characteristics and conditions, such as maternal obesity and diabetes, are suspected CHD risk factors. One of the medical conditions during pregnancy that has been evaluated as a risk factor for CHDs is maternal hypertension, based on the possibility that maternal hypertension could result in changes in blood flow to the uterus during pregnancy [2, 8, 9, 29, 33, 34] . Approximately 2-10 % of pregnant women have hypertension during pregnancy, including both pregestational (onset before pregnancy) and gestational (onset during pregnancy) hypertension [23] .
There are several reports of a higher risk of CHDs in offspring among women with hypertension who are treated with antihypertensive medications, as well among those who are untreated; however, not all of the results from previous studies have been consistent, and these results have not been collectively compared. Further, there is variation in the quality of these studies (e.g., self-reported exposure status vs. medical records, case-control vs. cohort studies, and adjustment for important potential confounders such as body mass index).
To determine whether all recent published epidemiologic studies, in combination, support an association between maternal hypertension and the risk of CHDs in offspring, we conducted the first systematic review and meta-analysis of this association. The goals of this study were to estimate the summary relative risks (RRs) for this association and to examine the evidence of heterogeneity across studies and publication bias.
Materials and Methods

Systematic Review
This systematic review and meta-analysis was conducted in accordance with preferred reporting of items for systematic review and meta-analysis (PRISMA) statement guidelines [30] . A systematic search of peer-reviewed journals was conducted to identify prospective studies assessing untreated and treated hypertension during pregnancy and the risk of CHD in offspring. We searched the US National Library of Medicine MEDLINE database for the published articles in English from 1978 to August 2013 using Ovid and PubMed. Our search terms included ''hypertension,'' ''pregnancy induced hypertension,'' ''antihypertensive agents,'' ''angiotensin-converting enzyme inhibitors,'' ''antihypertensive drugs,'' ''antihypertensive medication,'' ''beta-blocker,'' ''Angiotensin converting enzyme (ACE) inhibitor,'' ''calcium channel blocker,'' ''pharmaceutical preparations,'' ''pregnancy-high-risk,'' ''maternal drug use,'' ''pregnancy trimester, first,'' ''pregnancy trimester, second,'' ''pregnancy trimester, third,'' ''maternal exposure,'' ''infant, newborn,'' ''maternal,'' ''abnormalities-drug induced,'' ''pregnancy complications,'' ''cardiovascular,'' ''cardiovascular abnormalities,'' ''heart defects,'' ''congenital,'' ''congenital heart defects,'' ''coronary vessel anomalies,'' ''myocardial bridging,'', ''heart septal defects,'' ''aortopulmonary septal defect,'' ''truncus arteriosus, persistent,'' ''endocardial cushion defects,'' ''heart septal defects,'' ''atrial,'' ''heart septal defects, ventricular,'' ''epidemiological studies,'' ''cohort studies,'' ''cross sectional studies,'' ''case-control studies,'' ''incidence,'' and ''prevalence.'' A review of article bibliographies was carried out to select additional relevant articles. Further, a Scopus search was conducted to identify other articles that cited each article of interest.
Study Selection
The following eligibility criteria for selecting articles was used: (1) studies published in English, (2) original epidemiological studies (case-control, cohort, or crosssectional studies), (3) studies that examined the association between maternal hypertension or hypertensive medication and CHDs overall or specific CHD subtypes (e.g., atrioventricular septal defects) in infants, and (4) articles that reported risk estimates (i.e., RRs or odds ratios) and 95 % CIs or had raw data that enabled us to calculate the risk estimates. In the event of multiple publications using the same data, we included the study that provided the most comprehensive information (e.g., longest time periods of study or most CHD cases included for analysis).
Data Extraction
Two investigators (A.R., A.J.A.) independently screened the title and abstract of each article to determine whether it met the eligibility criteria. For any study which one or both screeners deemed potentially eligible from the title/abstract screen, the full text of the article was independently reviewed and eligibility was determined (A.R., A.J.A.). When eligibility determination was discrepant between the screeners, resolution was reached through discussion.
Information on important aspects of each study was extracted from each included article. These data included authors, period of study, publication year, study location, data collection method, study design, sample size (including case and control counts), and source of exposure (self-report vs. medical records). We abstracted the reported effect estimates and 95 % CIs or calculated them using the available counts/ raw data if they were missing. For simplicity, we reported all estimates of effect as RRs, assuming that odds ratios were valid estimates of the RR. We abstracted estimates for the association with CHDs overall and CHD subtypes when available using the adjusted risk estimate when present. We abstracted the effect of treated and untreated hypertension separately when able (e.g., Caton et al. reported both [8] ). For each effect, we abstracted the adjustment variables and timing of hypertension onset (pregestational, gestational, or type unspecified). When separate effects were reported based on the timing of hypertension onset (e.g., gestational hypertension, hypertension type unspecified), we abstracted the effect for hypertension type unspecified or pregestational when type unspecified was not available. For each effect, we also abstracted the medication treatment status (untreated, treated, or unspecified). For the effects of treated hypertension, we further abstracted hypertension medication type (any medication, ACE inhibitors, beta-blockers, calcium channel blockers), and when effects of hypertension medications were reported for more than one time period (e.g., first trimester as well as third trimester), the effect for the first trimester was used (e.g., [26] ). Each study's potential for bias was independently assessed by two investigators (A.R., A.J.A.), using the Newcastle-Ottawa Quality Assessment Scale for observational studies [38] . Any disagreement in score was resolved through discussion.
Statistical Analysis
For the main analyses, we calculated summary effect estimates separately for untreated and treated hypertension. Because the majority (*93 %) of women with hypertension do not take hypertension medications during early pregnancy [33] , effects for studies that did not report on medication treatment status were analyzed with untreated hypertension. For these analyses, we conducted separate comparisons for CHDs overall and specific CHD subtypes (when two or more studies reported associations for a given CHD subtype). If a study reported on specific CHD subtypes but not CHDs overall, it was not included in the analyses of CHDs overall. Studies that reported on the effects of medications were analyzed with treated hypertension. We first conducted analyses based on hypertension medications overall (not including effects based on specific medications). We also conducted three additional separate comparisons based on ACE inhibitors, beta-blockers, and calcium channel blockers, respectively. There were not enough studies of treated hypertension and specific CHD subtypes to evaluate specific CHD subtypes.
Because the effects of treated and untreated hypertension were fairly similar (see ''Results''), we also conducted a post hoc analysis for CHDs overall based on overall hypertension exposure, which incorporated estimates both from studies that assessed treated and untreated hypertension. Only one estimate of the effect of overall hypertension was considered in each study for this analysis. Thus, we used the effect estimate from each study based on the following priority: (1) untreated hypertension and CHDs overall; (2) treated hypertension (hypertension medications overall) and CHDs overall; (3) treated hypertension (specific hypertension medication used) and CHDs overall (i.e., some papers only evaluated one specific hypertension medication); and (4) untreated hypertension and specific CHD subtypes (i.e., one paper looked at a specific subtype and did not evaluate CHDs overall) [39] .
We repeated this analysis in order to conduct several sensitivity analyses. To evaluate whether individual studies were driving the combined estimate, we iteratively removed each study one at a time and estimated the combined effect based on all other studies. To evaluate differences in adjustment for confounders, we identified and conducted a sensitivity analysis restricted to studies that had the greatest degree of control for potential confounders. These studies were defined based on adjusting for at least four of the following important potential confounders (based on the literature): maternal age, race/ ethnicity, parity, body mass index, smoking, and diabetes (either adjusting for diabetes or excluding women with diabetes). We also conducted sensitivity analyses by the study type (case-control vs. cohort) and the type of data collection (self-reported vs. medical records). A sensitivity analysis was also performed among studies with a total score of [6 on the Newcastle-Ottawa Quality Assessment Scale (i.e., studies with a relatively lower suspected potential for bias).
For all analyses, we initially tested for heterogeneity across studies using Cochran's Q test. We computed summary RR estimates and 95 % CIs using fixed-effects models, based on inverse variance weighing to compute summary RR estimates, or used the DerSimonian and Laird method [15] to compute estimates based on random-effects models. Specifically, when there was evidence of heterogeneity across studies (p \ 0.05), we estimated the effect using the random-effects model, which provides a more appropriate summary effect estimate between heterogeneous study-specific estimates. Otherwise, when evidence of heterogeneity was not observed from the Q test, we estimated the effect using the fixed-effects analysis. All analyses were computed using Stata 13.0 (Stata Corp, College Station, TX, USA). As the Stata ''meta'' command requires values for standard errors (SEs) and none of the studies reported SEs, we calculated the SEs using the following formula:
For each analysis, forest plots were generated to visualize the study-specific RR estimates and a summary RR estimate, and we used boxes of varying size to represent the relative weight of an individual study toward the computation of the summary RR estimate. We evaluated the potential for publication bias using Egger's test (p \ 0.05) and by visual examination of the symmetry in funnel plots (Stata ''metabias'' and ''metafunnel'' commands).
Results
We identified 16 articles published between 1990 and 2013 for the meta-analysis (Fig. 1 ), using our inclusion criteria. The characteristics of the included studies are listed in Table 1 . There were five studies conducted in the USA, nine in Europe, and two in Canada. Among the selected studies, there were nine case-control studies, six cohort studies, and one cross-sectional study.
All studies reported the mother's hypertension status during the first trimester of pregnancy, which is the critical exposure time period for the development of CHDs. There were eight studies that examined the effect of untreated hypertension and twelve studies that evaluated treated hypertension (four studies reported estimates for both treated and untreated). While the majority of studies provided effect estimates adjusted for a range of covariates, four studies reported either unadjusted effect estimates or raw data which was used to calculate the unadjusted effect estimates (Table 1) .
Seven studies evaluated the association between untreated maternal hypertension during pregnancy and CHDs overall (Table 2; Fig. 2 ) (one additional study evaluated a CHD subtype but not CHDs overall [39] ). Untreated maternal hypertension was significantly associated with CHDs overall (random-effect RR 1.4; 95 % CI 1.2, 1.7; heterogeneity p \ 0.001). The magnitude of the effect estimate was also positive for the association between untreated maternal hypertension and each of seven CHD subtypes (range of RRs 1.1-2.0). Among these, statistically significant associations (p \ 0.05) were present with conotruncal defects, atrioventricular septal defects, and ventricular septal defects (range of RRs 1.3-1.7), and there was no evidence of heterogeneity across studies for any of these effects.
A total of eight studies evaluated the association between treated maternal hypertension (hypertension medications overall) and CHDs overall (Table 3 ; Fig. 3) . A significant association between treated maternal hypertension and CHDs overall was observed (random-effect RR 2.0; 95 % CI 1.5, 2.7; heterogeneity p = 0.001). The magnitude of effect was positive for the association between maternal hypertension treated with each of three specific types of hypertension medications (ACE inhibitors, beta-blockers, and calcium channel blockers; range of RRs 1.2-2.1). However, the association was only statistically significant for beta-blockers (random-effects RR 2.1; 95 % CI 1.6, 2.7; heterogeneity p = 0.04).
Based on the results of the Egger's test (Tables 2, 3) , there was no evidence of publication bias observed for any of the analyses we conducted. We also constructed funnel plots (data not shown) for the analyses of untreated/treated hypertension and CHDs overall, and these also did not suggest evidence of publication bias.
For the effects of untreated and treated hypertension and CHDs overall, the direction of the effect estimates was positive for all but one study (Figs. 2, 3) . Because the results were similar between untreated and treated maternal hypertension and CHDs overall and CHD subtypes (range of RRs 1.1-2.1), we conducted post hoc analyses for CHDs overall, based on overall hypertension exposure (Fig. 4) . This analysis incorporated estimates both from studies that assessed treated and untreated hypertension. The combined estimate for this association was similar to the main analyses (random-effects RR 1.8; 95 % CI 1.5, 2.2). We repeated this analysis, and after eliminating each individual study one at a time and analyzing all other studies, the range of the combined estimates was similar (RR 1.7-1.9). To evaluate potential confounding, we repeated the analysis of overall hypertension exposure among the five studies which had the greatest degree of control for potential confounders [8, 22, 24, 26, 27] (i.e., adjusted for at least four of the following: maternal age, race/ethnicity, parity, body mass index, diabetes, smoking), and these results were also similar to the main results (RR 1.7). We also repeated this analysis separately among casecontrol studies and cohort studies, and results were similar to the main results (data not shown). Further, we also a Number of subjects with/without heart defects are listed when the study was not a case-control study b Adjustment variables: A maternal age, B maternal illness, C maternal ultrasound examination, D hypertension prior to index pregnancy, E maternal smoking, F maternal deodorant use, G maternal occupation, H maternal race/ethnicity, I alcohol consumption, J therapeutic drugs, K life style exposure, L region of birth, M parity, N multiple gestational pregnancy, O years of involuntary childlessness, P rural residence, Q income quartile, R maternal year of birth, S tobacco use, T previous miscarriage, U maternal body mass index, V gestational diabetes/ preexisting diabetes, W use of fertility medication/procedure, X use of folic acid during pregnancy, Y infant sex c This paper only evaluated atrioventricular canal defects repeated this analysis separately among studies that determined exposure status based on medical records versus self-report, and results were also similar to the main results (data not shown). After assigning a Newcastle-Ottawa Quality Assessment Scale score to each study (range 5-9), we repeated this analysis among studies with a total score Tikannen & Heinonen Fig. 4 Study-specific and summary RRs and 95 % CIs from the meta-analysis of overall maternal hypertension and congenital heart defects of [6, and results were also similar to the main results (data not shown).
Discussion
We found that maternal hypertension during pregnancy is associated with CHDs in offspring. Although we included studies that varied widely in terms of their case definition, control selection, exposure assessment, sample size, study design, adjustment for confounders, time period, and geography, the majority of results from individual studies are consistent. We found positive associations between both treated and untreated hypertension, as well as overall hypertension (regardless of treatment status). Further, we found similar associations for many of the CHD subtypes and specific hypertension medications evaluated, and the magnitudes of effects for all comparisons were in the positive direction. The consistency of the observed effects across these analyses and in our sensitivity analyses supports an association between maternal hypertension and CHDs. This association is supported by the fact that individual estimates for 14/15 studies included in our analysis of overall hypertension exposure and combined CHDs were positive (Fig. 4) . The results from our sensitivity analyses further suggest that our main results were robust to inclusion of studies and were not driven by a single study, and were also not due to differences in adjustment for potential confounders, study design, or exposure record source (self-report vs. medical records).
Although the majority of women with hypertension during pregnancy do not use hypertension medications, it is difficult to separate the effect of hypertension versus hypertension medications in epidemiologic studies. In our analyses, we observed an association between untreated maternal hypertension and CHDs, which suggests that the association between hypertension and CHDs is not simply due to teratogenic effects of medication alone. However, the magnitude of effect for the association between treated hypertension and CHDs (RR 2.0) was larger than that for untreated hypertension (RR 1.4), which might suggest that hypertension medications lead to an additional increase in risk. Alternatively, it is possible that the women on antihypertensive medications were also the women with the most severe underlying hypertension and that this trend partially represents a dose-response relationship for the underlying hypertension. It is also likely that a small proportion of women included in our analysis of untreated hypertension did actually use hypertension medications. Furthermore, it is possible that there are underlying risk factors for both hypertension and CHDs that overlap (e.g., genes with pleiotropic effects), and research efforts need to focus on elucidating genetic factors that affect hypertension and CHD risk.
The American Congress of OBGYN Task Force on Hypertension suggests against antihypertensive medications use for women with mild-to-moderate chronic hypertension during pregnancy [34] , and treatment of gestational hypertension is also usually not recommended [31] . Angiotensin-converting enzyme (ACE) inhibitors are known to be associated with adverse pregnancy outcomes, such as preterm birth, fetal growth restriction, and small for gestational age, and are recommended against during pregnancy [16] . Beta-blockers are among the most common antihypertensive medications used during pregnancy [16, 34] ; however, the safety of their use during pregnancy is controversial [1] . Calcium channel blockers are also commonly recommended during pregnancy and are generally considered to have low risks to the fetus [1, 31] .
In our analyses, women who took ACE inhibitors or beta-blockers specifically had about twice the risk of having a child with a CHD compared to women without hypertension, although the association with ACE inhibitors was not statistically significant. The magnitude of the nonsignificant association with calcium channel blockers was smaller. It may be that certain medications might be preferable to the others in terms of CHD risk, though we were unable to show definitive differences. Further, we were unable to assess the effects of hypertension control or to analyze blood pressure as a continuous variable, and further research in these areas would be informative.
Hypertension in pregnancy has been associated with adverse birth outcomes including fetal growth retardation and preterm delivery, as well as certain birth defects, including hypospadias [3, 5, 17] . The mechanisms by which hypertension or hypertension medications may increase risk of CHDs have not been fully delineated. It has been proposed that both maternal hypertension and hypertensive medications might cause uteroplacental insufficiency, decreasing blood flow to the uterus during pregnancy, thus lowering fetal blood pressure [2, 8, 9, 29, 33, 34] . Fetal intracardiac blood flow alterations and cell death have been proposed as two important mechanisms for abnormal heart development in the fetus [10, 11] . Chronic hypertension specifically has been reported to be associated with threatened abortion and placental disorders, and there may be shared pathways/mechanisms involved in these outcomes and risk of heart defects in the offspring (e.g., alterations in placental blood flow) [13] . Further, betablockers and calcium channel blockers can cross the placenta and may result in hypoglycemia and seizures in the fetus [14] .
Our study had several strengths, including the large sample analyzed (nearly five million total subjects analyzed). We conducted separate analyses to independently evaluate the effect of treated versus untreated hypertension. Additionally, due to presumed heterogeneous etiologies, many CHD subtypes were analyzed separately, and therefore, we were able to estimate the range of risks for these subtypes. We also estimated the range of risks for hypertensive medication subtypes on overall CHDs. Further, we conducted sensitivity analyses, which suggested that our results were not influenced by differences in study design (case-control vs. cohort) or source of exposure assessment (medical records vs. self-report).
Our study also had certain limitations, many of which are common among meta-analyses, including the quality of the individual studies included. For example, our analysis was limited to studies that were published in English and the studies that we evaluated varied in terms of adjustment variables, study design, hypertension and cardiac phenotype definitions, time, and geography. However, these limitations are frequent among meta-analyses, and we did not find any evidence of publication bias. Further, our sensitivity analyses did not indicate that our results were due to several differences between studies (i.e., exposure data source, adjustment for potential confounders, study design). There are several areas in which future studies could further our understanding of hypertension risk. There were insufficient data to assess the effects of pregestational versus chronic hypertension or to evaluate a dose-response relationship between maternal hypertension medication and CHDs. There were also only a limited available number of studies that have evaluated specific CHD subtypes; however, fairly similar effects were observed across the specific CHD subtypes analyzed.
Our analyses suggest that the risk of CHDs in offspring was approximately 80 % higher among women with hypertension compared to those without hypertension. The risk among women with treated hypertension specifically may be slightly higher, though perhaps less so among women who use calcium channel blockers. Given that hypertension is a relatively common exposure among mothers of reproductive age, it may account for a substantial proportion of CHD risk. Our findings suggest that future work should focus on better understanding the specific mechanisms involved and then developing and implementing strategies to reduce risk and thereby prevent CHDs. For example, the relationship between maternal hypertension and specific CHD subtypes should be further delineated. Further research is needed to better inform individual clinical management as well as public health planning. For example, it is unclear whether the observed CHD risk could be reduced by using intervention strategies focused on controlling blood pressure. Ultimately, this future work may lead to prevention approaches, in order to decrease CHD risk.
